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Mammalian spermatogenesis is maintained by stem
cell capacity within undifferentiated spermatogonial
subpopulation. Here, using a combination of surface
markers, we describe a purificationmethod for undif-
ferentiated spermatogonia. Flow cytometric analysis
revealed that this population is composed of Plzf-
positive cells and exhibits quiescence and the side
population phenotype, fulfilling general stem cell
criteria.We thenapplied thismethod toanalyzeundif-
ferentiated spermatogonia and stem cell activity of
Atm/mice.Atm/ testis showsprogressivedeple-
tion of undifferentiated spermatogonia accompanied
by cell-cycle arrest. In Atm/ undifferentiated sper-
matogonia, a self-renewal defect was observed
in vitro and in vivo. Accumulation of DNA damage
and activation of the p19Arf-p53-p21Cip1/Waf1 pathway
were observed in Atm/ undifferentiated spermato-
gonia. Moreover, suppression of p21Cip1/Waf1 in an
Atm/ background restored transplantation ability
of undifferentiated spermatogonia, indicating that
ATMplaysan essential role inmaintenanceof undiffer-
entiatedspermatogoniaand their stemcell capacityby
suppressing DNA damage-induced cell-cycle arrest.
INTRODUCTION
Lifelong spermatogenesis is sustained by stem cells, which are
defined by their ability to self-renew and differentiate into mature
cells (de Rooij, 2001; Oatley and Brinster, 2006). Mammalian
spermatogenesis occurs in the seminiferous tubules of the testis
and is maintained by a unipotent stem cell system. The male
germ stem cell system is composed of premeiotic spermatogo-
nia containing stem cells, meiotic spermatocytes, haploid sper-
matids, and sperm (de Rooij, 2001). For extensive self-renewal
of spermatogonial stem cells, spermatogonia possess a nearly
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reside in contact with the basement membrane of seminiferous
tubules and are supported by Sertoli cells.
Murine spermatogonial stem cell ability is restricted to an
as-yet-unidentified subpopulation of undifferentiated spermato-
gonia. Undifferentiated spermatogonia constitute themost prim-
itive fraction of adult male germ cells and are topologically
subdivided into As (Asingle; solitary cells), Apr (Apaired; two cells
connected by intercellular bridges), and Aal (Aaligned; chains of
4–16 cells connected by intercellular bridges) cells in the seminif-
erous tubules (de Rooij, 2001; Oatley and Brinster, 2006). The
maintenance of undifferentiated spermatogonia is regulated by
various factors such as glial cell-derived neurotrophic factor
(GDNF)-mediated signaling (Meng et al., 2000) and transcrip-
tional regulators such as Plzf, TAF4b, and Ngn3 (Buaas et al.,
2004; Costoya et al., 2004; Falender et al., 2005; Yoshida
et al., 2004; Yoshida et al., 2006). These undifferentiated sper-
matogonia proliferate and differentiate into differentiating sper-
matogonia (A1–A4, In, and B spermatogonia), which completely
lose stem cell ability (de Rooij, 2001; Oatley and Brinster,
2006). Although many groups report various surface markers
expressed on undifferentiated spermatogonia (Anderson et al.,
1999; Shinohara et al., 1999; Kanatsu-Shinohara et al., 2004;
Viglietto et al., 2000; Tokuda et al., 2007), there is no report of
isolation of undifferentiated spermatogonia. In other stem cell
systems, particularly the hematopoietic system, development
of methods to purify a potential stem cell fraction has initiated
substantial progress in the field (Spangrude et al., 1988). Like-
wise, purification of undifferentiated spermatogonia containing
stem cell activity is required for germ cell studies.
The protein kinase ataxia telangiectasia-mutated (ATM) regu-
lates apoptosis and cell-cycle checkpoint responses after DNA
double-strand breaks (DSBs), telomere erosion, and oxidative
stress (Shiloh, 2003). We previously showed that, in Atm/
hematopoietic stem cells (HSCs), the cell-cycle inhibitor
p16Ink4a is upregulated, suggesting that ATM is necessary for
the HSC system in the bone marrow (Ito et al., 2004). The first
gene targeting studies of ATM (Barlow et al., 1996; Xu et al.,
1996; Elson et al., 1996) described meiotic arrest and massive
apoptosis in spermatocytes, defects attributable to improper
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optosis (Pandita et al., 1999; Barlow et al., 1998; Scherthan et al.,
2000; Hamer et al., 2004). We recently reported progressive loss
of premeiotic germ cells in Atm/ testis (Takubo et al., 2006).
The premeiotic defect in Atm/ testis was independent of
p16Ink4a upregulation, suggesting involvement of a molecular
mechanism different from that in the HSC system (Takubo
et al., 2006).
In this report, we established efficient isolation of undifferenti-
ated spermatogonia by using a combination of surface markers.
Thismethod enabled us to analyze undifferentiated spermatogo-
nia and stem cell activity of meiotic and premeiotic germ cell
mutant Atm/ mice, whose stem cell ability had been difficult
to investigate due to their meiotic arrest. We found that undiffer-
entiated spermatogonia fromAtm/mice were defective in cell-
cycle progression and lost genomic integrity. This self-renewal
defect depended on accumulation of cyclin-dependent kinase
inhibitor p21Cip1/Waf1 in undifferentiated spermatogonia, amolec-
ular program different from that seen in Atm/ HSCs.
RESULTS
Purification and Characterization
of Undifferentiated Spermatogonia
To isolate undifferentiated spermatogonia, we utilized several
surface antigen markers. It has been shown that the adhesion
molecule EpCAM is a pan-spermatogonial marker (Anderson
et al., 1999), the stem cell factor receptor c-Kit is not expressed
on undifferentiated spermatogonia, and a6-integrin is expressed
on spermatogonial fraction with stem cell capacity (Shinohara
et al., 1999, 2000). Therefore, we first selected EpCAM-positive
spermatogonia by magnetic cell sorting (MACS), followed by
fluorescence-activated cell sorting (FACS)-mediated isolation
of undifferentiated spermatogonia with anti- a6-integrin and
anti-c-Kit antibodies. This strategy enabled isolation of undiffer-
entiated spermatogonia (Figure 1A and Figure S4, available on-
line), which are characterized by high a6-integrin expression,
weak nuclear chromatin staining with nuclear vacuoles, and
intense staining for Plzf, a zinc finger protein essential for undif-
ferentiated spermatogonia (Buaas et al., 2004; Costoya et al.,
2004). More than 98% of cells in this fraction were Plzf positive,
although a residual fraction contained hardly any Plzf-positive
cells (Figure S4). The integrity of this method was confirmed by
higher expression of othermarkers of undifferentiated spermato-
gonia (namely, GFR-1a, E-cadherin, and CD9) (Viglietto et al.,
2000; Tokuda et al., 2007; Kanatsu-Shinohara et al., 2004) in
this fraction (Figure 1B) compared to differentiating spermatogo-
nia. In contrast, differentiating spermatogonia were isolated from
the c-Kit-positive, a6-integrin-dull fraction, which is character-
ized by condensed nuclear chromatin staining, a lack of Plzf
staining, and lower expression of GFR-1a, E-cadherin, and
CD9 (Figures 1A and 1B).
In addition, the ‘‘side-population (SP) phenotype,’’ defined by
the higher efflux of DNA-binding dye Hoechst 33342, was also
observed in the undifferentiated spermatogonial fraction (more
than 40% of this fraction was SP). Other fractions contained
only a few SP cells (Figure 1C). Because there is controversy
as to whether undifferentiated spermatogonia exhibit the SP
phenotype (Kubota et al., 2003; Falciatori et al., 2004; Lassalleet al., 2004; Bastos et al., 2005), we examined another general
stem cell characteristic, cell-cycle quiescence (Suda et al.,
2005; Dhawan and Rando, 2005), in undifferentiated spermato-
gonia. Analysis of DNA content revealed the lower proportion
of S/G2/M phase of the cell cycle in undifferentiated spermato-
gonia, in clear contrast to differentiating spermatogonia
(Figure 1D). The a6-integrin
high, c-Kitneg undifferentiated sper-
matogonia exhibited weak staining for Pyronin Y among sper-
matogonia, a functional characteristic of quiescent (G0) cells
(p < 0.002, Figures 1E and 1F). Moreover, SP cells in undifferen-
tiated spermatogonia were more quiescent than total undifferen-
tiated spermatogonia were (p < 0.002, Figures 1E and 1F).
Altogether, our investigation utilizing MACS-selected spermato-
gonial cells to avoid contamination with other cells gave clear
evidence for the SP phenotype in the undifferentiated spermato-
gonial fraction. Similar to the SP fraction in HSCs (Arai et al.,
2004), among undifferentiated spermatogonia, SP cells in undif-
ferentiated spermatogonia were particularly quiescent.
Purification Analysis Revealed an Essential Role
of ATM in Undifferentiated Spermatogonia
Using our isolation method, we analyzed an undifferentiated
spermatogonial fraction in germ cell mutant Atm/ mice. Al-
though this mutant is known as a meiosis mutant (Hamer et al.,
2004), we previously reported premeiotic germ cell loss in
Atm/ testis in addition to the meiotic defect (Takubo et al.,
2006). In the meiosis-defective mutant, it was difficult to investi-
gate the premeiotic germ cell fraction because of massive arrest
of cells at meiosis and the resulting debris. To avoid this diffi-
culty, we applied our purification strategy.
In postnatal day 60 (P60) mice, we observed no alteration
between wild-type and Atm/ undifferentiated spermatogonia,
in terms of proportion and number (Figures 2A and 2B). In older
P400 Atm/ testis, the undifferentiated spermatogonial fraction
constituted a smaller proportion of spermatogonial cells than
was seen in wild-type testis (Figure 2A). The number of Atm/
undifferentiated spermatogonial cells per testis was also signifi-
cantly less than that seen in wild-type mouse (Figure 2B). To
determinewhat event led to loss of undifferentiated spermatogo-
nia, we examined the cell-cycle status ofAtm/ undifferentiated
or differentiating spermatogonia with a short-term (2 hr) BrdU
pulse labeling assay. As shown in Figure 2C, Atm/ undifferen-
tiated spermatogonia exhibited significantly reduced BrdU up-
take (7.7% ± 1.5%, p < 0.001), reflecting cell-cycle arrest, com-
pared to wild-type undifferentiated spermatogonia (25.8% ±
2.7%). Wild-type differentiating spermatogonia exhibited higher
BrdU uptake (85.4% ± 6.9%) than undifferentiated spermatogo-
nia did, consistent with cell-cycle analysis (Figures 1D–1F). In
contrast to undifferentiated spermatogonia, Atm/ differenti-
ated spermatogonia showed BrdU uptake comparable to wild-
type (86.8% ± 2.0%, p = 0.77, Figure 2C), indicating that
cell-cycle arrest is specific to Atm/ undifferentiated spermato-
gonia. We next determined the quiescent G0 population in undif-
ferentiated spermatogonia by Pyronin Y staining. Although
76.8% ± 8.7% of wild-type undifferentiated spermatogonia
was Pyronin Yneg, Atm/ undifferentiated spermatogonia
showed a significant reduction of G0 fraction in the cell cycle
(Figure 2D, 57.8% ± 4.4%, p < 0.001). Because there was no sig-
nificant difference in proportion of total G0/G1 cells between
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Stem Cell Defects in Atm/ TestisFigure 1. Isolation of Undifferentiated Spermatogonia
(A)Method to isolate pure undifferentiated spermatogonia. Total testicular sample (indicated as ‘‘Before selection’’) waspurifiedbyMACS (indicated as ‘‘EpCAM+-
selected’’). Purified spermatogonia were sorted by FACS on the basis of the expression levels of a6-integrin and c-Kit. Isolated cells were stained with anti-Plzf
antibody (green), and nuclear DNA was counterstained with TOTO-3 (blue) and analyzed by confocal microscopy. Insets are magnified views of a single cell.
Note the dark stained nucleus with intense Plzf signal in undifferentiated spermatogonia. Scale bars represent 20 mm.
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Stem Cell Defects in Atm/ TestisFigure 2. Progressive Loss of Undifferentiated Spermatogonia in Atm/ Testis
(A) Flow cytometric analysis of undifferentiated spermatogonia in the isolated EpCAM+ fraction at P60 and P400 (n = 5). Although there was no difference between
two genotypes at P60 (p = 0.37), the undifferentiated spermatogonial fraction at P400 was significantly (p < 0.001) decreased. Error bars represent mean ± SD.
(B) The relative number of undifferentiated spermatogonia per testis at P60 and P400. The average number of undifferentiated spermatogonia at each agewas set
to 1.0. Testes from P400 Atm/ mice contained markedly fewer undifferentiated spermatogonia than those from wild-type controls (n = 4–7, *p < 0.001). Error
bars represent mean ± SD.
(C) Short-term BrdU incorporation assay with P60 undifferentiated or differentiated spermatogonia. Representative images are shown. Arrowheads indicate
BrdU-incorporated undifferentiated spermatogonia. Graphs show quantification of the proportion of BrdU-incorporated nuclei. Significant reduction of BrdU
uptake was observed in Atm/ undifferentiated spermatogonia (*p < 0.001). Scale bars represent 100 mm. Error bars represent mean ± SD.
(D) Flow cytometric analysis for quiescent fraction of undifferentiated spermatogonia with Pyronin Y. Pyronin Y-negative fraction was significantly (*p < 0.001)
decreased in Atm/ undifferentiated spermatogonia (n = 6). Error bars represent mean ± SD.
(E and F) Localization and activation of ATM in spermatogonia. A P60 isolated spermatogonia was immunostained with anti-S1987 ATMantibody or anti-phospho
S1987 ATM antibody (red), anti-Plzf antibody (green), and TOTO-3 (blue). In contrast to ATM protein distribution, dot-like activation of ATM in nucleus was only
observed in undifferentiated spermatogonia.wild-type and Atm/ undifferentiated spermatogonia (data not
shown), these data suggest a relative accumulation of cells at
G1 phase and a block of S phase entry inAtm/ undifferentiated
spermatogonia.
Because cell-cycle progression of undifferentiated spermato-
gonia is regulated by multiple factors, including undifferentiated
or differentiated germ cells, soma, and hormones, it was difficult
to determine whether these defects were cell autonomous. To
examine the direct contribution of ATM in undifferentiated sper-matogonia, we first evaluated ATM protein in spermatogonial
subpopulations. As shown in Figure 2E, there was no difference
in terms of total ATM protein between wild-type undifferentiated
or differentiated spermatogonia. ATMprotein was both cytoplas-
mic and nuclear in both spermatogonial subpopulations (Fig-
ure 2E). In contrast, activation of ATM, indicated by phosphoryla-
tion of serine 1987 residue of the murine ATM protein (Shiloh,
2003), was specifically observed in undifferentiated spermatogo-
nia, as were numerous dot-like signals in nucleus (Figure 2F).(B) Flow cytometric analysis of GFR-1a, E-cadherin, andCD9 expression. Histograms indicate undifferentiated spermatogonia (orange), differentiating spermato-
gonia (black), and unstained whole testicular cells.
(C) Side-population (SP) analysis of each fraction by flow cytometry. Number indicates ratio of SP cells (boxed fraction) in each fraction (n = 4). Numbers represent
mean ± SD.
(D)Cell-cycle analysiswith high-concentrationHoechst 33342.Cells inG0/G1phase (green), S phase (yellow), andG2/Mphase (blue)were depictedbyDean-Jett-
Fox cell-cycle algorithm.
(E) Pyronin Y analysis by flow cytometry. Each contour plot exhibits representative EpCAM+-selected, a6-integrin-gated fraction without (left panel) or with (right
panel) SP gate. Numbers indicate percentages of each quadrant.
(F) Pyronin Y-negative percentage in each fraction (n = 4). Undifferentiated spermatogonia (Undiff. SG) were quiescent, especially in the SP-gated fraction
(*p < 0.002), more so than differentiating spermatogonia (Diff. SG). Error bars represent mean ± SD.
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Stem Cell Defects in Atm/ TestisFigure 3. Loss of Self-Renewal Activity of ATM-Compromised GS Cells In Vitro
(A and B) Flow cytometric analysis of the effect of an ATM inhibitor on GS cells. Although short-term (1 week) treatment did not induce GS cell loss (A), long-term
(4 week) treatment resulted in GS cell depletion, as revealed by forward scatter, side scatter, and EpCAM expression analysis (B).
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Stem Cell Defects in Atm/ TestisTo determine whether ATM is required for maintenance of un-
differentiated spermatogonia, we utilized an in vitro cultivation
system for undifferentiated spermatogonia known as germline
stem (GS) cells. GS cells are stem cells maintained in the pres-
ence of GDNF, which is secreted from Sertoli cells (Meng
et al., 2000), and they possess transplantation ability to produce
mature, functional sperm even after long-term cultivation in vitro
(Kanatsu-Shinohara et al., 2003). We treated GS cells with caf-
feine, a pharmacological inhibitor of ATM, and analyzed potential
changes in GS cells by flow cytometry. In this assay, short-term
(1 week) pharmacological inhibition of ATMdid not induce loss of
GS cells in culture (Figure 3A and Figure S1A). In contrast, more
persistent treatment (4 weeks) with an ATM inhibitor induced
progressive loss of EpCAM+ a6-integrin
high c-Kitneg GS cells
(Figure 3B and Figure S1B), relative to vehicle treatment, which
showed good correlation with the relatively slow effects of ATM
deficiency on premeiotic germ cells in vivo (Takubo et al., 2006
and Figures 2A and 2B). Because we observed that the expres-
sion levels of GDNF and its receptors are not significantly
decreased in Atm/ testis (Figure S2), and we also observed
efficient recolonization of Atm/ seminiferous tubules with wild-
type spermatogonia (Figure S5), the defect in Atm/ undifferen-
tiated spermatogonia is mainly cell autonomous.
Loss of In Vitro Maintenance Ability in Atm/
Undifferentiated Spermatogonia
We next examined the capacity to form GS cells from neonatal
testis in vitro. In support of the previous histological observation
(Takubo et al., 2006), at the onset of cultivation, there was no
difference in the proportion of undifferentiated spermatogonia
between the two genotypes, as revealed by flow cytometry
(Figure 3D and Figure S1C), and the loss of undifferentiated sper-
matogonia was detected only after long-term in vitro cultivation
(Figure 3E and Figure S1D). Atm/ testis did not produce any
GS cell colonies, which are characterized by chain-like compact
cells (Figures 3C and 3F). These progressive defects in ATM-in-
hibited or -defective GS cells are consistent with undifferentiated
spermatogonial loss seen only after aging in vivo (Figures 2A and
2B). A requirement for ATM for the establishment of GS cells
in vitro implies that ATM activity directly affects the maintenance
of undifferentiated spermatogonia.
Atm/ Undifferentiated Spermatogonia
Lose Stem Cell Ability In Vivo
To evaluate the stem cell capacity of Atm/ undifferentiated
spermatogonia, we transplanted isolated undifferentiated sper-
matogonia into spermatogenesis-defective W/Wv mutant testis
by microinjection. Colonization efficiency of recipient seminifer-
ous tubules was severely impaired in Atm/ undifferentiatedspermatogonia (Figures 4A–4C). We next transplanted Atm/
undifferentiated spermatogonia that ubiquitously express
a GFP transgene and counted the spermatogenic colonies 3
months after transplantation. The colonization efficacy was
also severely impaired by the loss of ATM (Figures 4D and 4E).
These experiments clearly support a cell-autonomous defect in
maintenance of undifferentiated spermatogonia and their stem
cell activity. In addition, we could find some Atm/ undifferenti-
ated spermatogonia-derived colonies in the recipient testis (data
not shown). This observation can remove the possibility of the
undetectable lodgment of undifferentiated spermatogonia due
to the lack of differentiation.
Accumulation of DNA Damage in Undifferentiated
Spermatogonia Lacking ATM
Wenext focusedonmolecularmechanismsunderlying theAtm/
undifferentiated spermatogonial defect. Because ATM protein
maintains genomic stability by activating various DNA damage
response signals (Shiloh, 2003), we directly evaluated DNA dam-
age in Atm/ versus wild-type undifferentiated spermatogonia
by whole nuclear DNA electrophoresis (CometAssay). Only
a few nuclei from undifferentiated spermatogonia in wild-type
mice showed comet-like tails, sensitive indicators of accumu-
lated nuclear DNA damage (Figure 5A). In contrast, most nuclei
from Atm/ undifferentiated spermatogonia showed damage,
as evidenced by comet-like nuclear tails (Figure 5A). The fre-
quency of comet-positive cells in Atm/ undifferentiated sper-
matogonia was 54.5% ± 9.2% (Figure 5B), significantly higher
than that seen in wild-type spermatogonia (15.1% ± 4.0%,
p < 0.001). This phenomenon is likely cell autonomous because
pharmacological inhibition of ATM induces DNA damage in
cultured wild-type GS cells, as assessed by the same assay
(data not shown). Therefore, loss of ATMpromotes accumulation
of DNA damage in undifferentiated spermatogonia.
Activation of a p19Arf/p53 Tumor Suppressor
Mechanism in Atm/ Undifferentiated Spermatogonia
The observation of accumulated DNA damage in Atm/ undif-
ferentiated spermatogonia led us to investigate involvement of
the p19Arf-p53 pathway, which along with the p16Ink4a-pRb path-
way (Sherr, 2004) is a critical tumor suppressor cascade. The
p19Arf-p53 pathway is activated by various oncogenic cellular
stresses, including Ras activation, to actuate a cell-cycle check-
point and apoptosis. Recently, it was reported that loss of
genomic integrity also activates p19Arf-p53 signals (Colombo
et al., 2005). We previously examined p16Ink4a activation in
Atm/ testis and found that it was not activated (Takubo et al.,
2006). Therefore, we used immunohistochemistry to analyze the
p19Arf-p53 pathway. In wild-type seminiferous tubules, p19Arf(C) Representative light microscopic photos of a GS cell formation assay of undifferentiated spermatogonia fromAtm+/ or Atm/ testis.Atm+/+ (data not shown)
and Atm+/ (left panel) testes generated chain-like colonies of GS cells, but Atm/ testes did not. Only large, round germ cell-like cells were observed on feeder
layers from Atm/ testis. Scale bars represent 100 mm.
(D) Flow cytometric confirmation of maintenance of GDNF-dependent EpCAM-positive GS cells at the onset of in vitro cultivation (1 day from the start of culture).
No significant difference was observed in the EpCAM+ GS cell fraction between Atm+/+ and Atm/ specimens. Panels indicate data representative of three
independent analyses.
(E) Flow cytometric analysis of a GS cell formation assay after cultivation of 4 weeks. The Atm/-derived culture severely lost the GS cell fraction. Data were
obtained from three independent experiments.
(F) Summary of GS cell establishment. Ratio indicates the number of successfully established long-term GS cell cultures per numbers of trials.
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Stem Cell Defects in Atm/ TestisFigure 4. Atm/ Undifferentiated Spermatogonia Lose Transplantation Activity
(A–C) Transplantation analysis with 33 104 undifferentiated spermatogonia intoW/Wv testis. (A and B) Representative pictures of recipientW/Wv testicular sec-
tions. Upper panels, recipient testis transplanted with wild-type-derived undifferentiated spermatogonia; lower panels, testis transplanted with Atm/-derived
undifferentiated spermatogonia. An unrepopulated seminiferous tubule is marked by asterisks in (B). In lower panels of (A) and (B), Atm/ donor cell-derived
undifferentiated spermatogonia recolonized only very few seminiferous tubules, indicating significant loss of self-renewal ability. (C) Quantification of repopulated
tubules by donor cells per total tubules in a spermatogonial transplantation experiment with wild-type orAtm/ undifferentiated spermatogonia. Recipient testes
transplanted with Atm/ undifferentiated spermatogonia showed significantly lower recolonization activity of recipient tubules than those transplanted with
wild-type undifferentiated spermatogonia (n = 4, *p = 0.004). Error bars represent mean ± SD.
(D and E) Transplantation analysis with 63 103 undifferentiated spermatogonia, which express GFP ubiquitously intoW/Wv testis. (D) Representative picture of
the unwound recipient testis visualized by GFP fluorescence. (E) Graph represent the GFP-positive colony number in a recipient testis. Recipients of Atm/
undifferentiated spermatogonia contained only rare GFP-positive colony (n = 3, *p = 0.001). Error bars represent mean ± SD.
Scale bars represent 100 mm in (A) and (B) and 4 mm in (D).protein was only observed in spermatogonia, particularly in Plzf-
positive undifferentiated spermatogonia—shown as punctate
nuclear staining (Figure 5C) localized at nucleoli (Figures 5F
and 5G). In contrast, Plzf-positive Atm/ undifferentiated sper-
matogonia showed intense p19Arf staining throughout the
nucleus (Figures 5C and 5E). Increased p19Arf expression was
supported by quantitative PCR of isolated undifferentiated sper-
matogonia (Figure 5D). Although p19Arf protein typically localizes
in the nucleolus, activation of p19Arf changed its localization to
regions outside the nucleolus (Olson, 2004). In Atm/ undiffer-
entiated spermatogonia, p19Arf protein distributed throughout
the nucleus (Figures 5E and 5F), which gave additional evidence
of the activation of p19Arf. p19Arf protein outside the nucleolus
stabilizes p53 by suppressing mdm2, an E3 ubiquitin ligase
facilitating p53 ubiquitination and degradation (Sherr, 2004).
Correlated with p19Arf activation in undifferentiated spermato-
gonial nuclei, p53 protein was specifically evident in Plzf-pos-
itive undifferentiated spermatogonia, as revealed by flow
176 Cell Stem Cell 2, 170–182, February 2008 ª2008 Elsevier Inc.cytometry (Figure 5H) and immunocytochemistry (Figure 5I).
These data support activation of p19Arf-p53 tumor suppressor
mechanisms in undifferentiated spermatogonia and provide
evidence for undifferentiated germ cell-specific degeneration
mechanisms in Atm/ mice. Our observation is unanticipated
because ATM acts as an essential activator of p53 directly and
indirectly to induce cell-cycle checkpoint responses (Shiloh,
2003).
Rescue of Atm/ Undifferentiated Spermatogonial
Dysfunction by Ablation of p21Cip1/Waf1
p19Arf protein stabilizes p53 protein, and activated p53 protein
upregulates transcription of downstream effectors, promoting
cell-cycle arrest, DNA repair, and apoptosis. Because we ob-
served cell-cycle arrest in undifferentiated spermatogonia
(Figure 2C), we searched for cellular effectors of p53 in Atm/
undifferentiated spermatogonia and found that p21Cip1/Waf1,
which induces cell-cycle arrest by inhibiting cyclin-dependent
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Stem Cell Defects in Atm/ TestisFigure 5. Activation of the p19Arf-p53 Tumor Suppressor Cascade in Atm/ Undifferentiated Spermatogonia
(A) Fluorescent microscopy analysis of whole nuclear DNA electrophoresis (CometAssay) from isolated wild-type or Atm/ undifferentiated spermatogonia.
White arrows indicate comet-like tails, indicative of nuclear DNA damage.
(B) Graph shows the comet-positive ratios in isolated undifferentiated spermatogonia. Atm/ undifferentiated spermatogonia harbored significantly more DNA
damage in nuclear DNA (n = 6, *p < 0.001). Error bars represent mean ± SD.
(C) Immunohistochemical staining of p19Arf in P60 wild-type or Atm/ testicular sections (red). Plzf (green) was used to mark undifferentiated spermatogonia. In
Atm/ undifferentiated spermatogonia, the p19Arf signal was distributed throughout the nucleus. Insets show magnified views of Plzf-positive cells.
(D) Graph shows the result of real-time PCR analysis of p19Arf mRNA in P60 undifferentiated spermatogonia. Each value was normalized to b-actin expression and
is expressed as fold induction compared with the levels (set to 1) detected in wild-type samples. Significant increases in p19Arf mRNA were seen in Atm/-un-
differentiated spermatogonia relative to wild-type cells. Data were obtained from three independent experiments (*p < 0.001). Error bars represent mean ± SD.
(E) The fluorescence intensity of anti-p19Arf staining in the nucleus at points in each region was plotted as the number of pixels (z axis) relative to the position of
these points along the x-y axis.
(F and G) Coimmunostaining of p19Arf (red) and the nucleolar markers (green) in P60 wild-type and Atm/ testicular sections. Green signals are C23 in (F) and
GNL3 in (G). Nuclear DNA was visualized by TOTO-3 (blue). Dark-stained nuclei of undifferentiated spermatogonia (arrowheads) are indicated. p19Arf protein in
the wild-type nucleus was restricted to the C23 (Orrick et al., 1973) or GNL3 (Tsai and McKay, 2002) positive nucleolus (arrows). p19Arf protein was observed
throughout the nucleus only in Atm/ specimens. Insets show magnified views.
(H) Intracellular flow cytometric detection of p53 protein in Atm/ specimen. Undifferentiated spermatogonia (red) contained higher levels of p53 protein than
differentiating spermatogonia (black). Gray histogram is an isotype control.
(I) Immunocytochemical staining of p53 in P60 wild-type or Atm/ spermatogonia. Plzf (green) marked undifferentiated spermatogonia.
Scale bars represent 200 (A), 25 (C, F, and G), and 15 mm (I).kinase (CDK) (Sherr, 2004), was specifically upregulated in Plzf-
positive Atm/ undifferentiated spermatogonia (Figure 6A), but
not in wild-type undifferentiated spermatogonia or Plzf-negative
differentiating spermatogonia. The increase of p21Cip1/Waf1 inAtm/ undifferentiated spermatogonia was also confirmed
by quantitative PCR (Figure 6B).
It has been reported that, in the Drosophila germ stem cell
system, abnormal upregulation of p21Cip1/Waf1 inhibits theCell Stem Cell 2, 170–182, February 2008 ª2008 Elsevier Inc. 177
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(A) Immunocytochemistry of p21Cip1/Waf1 protein (red) in combination with Plzf (green) and DNA (TOTO-3; blue). p21Cip1/Waf1 protein was only observed in Atm/
undifferentiated spermatogonia.
(B) Quantitative PCR analysis of p21Cip1/Waf1 mRNA in P60 undifferentiated spermatogonia from Atm+/+, Atm/, and Atm/:p21/ mice. Each value was
normalized to b-actin expression and is expressed as fold induction compared with the levels (set to 1) detected in wild-type samples. Significant increases
in p21Cip1/Waf1 mRNA were seen in Atm/-undifferentiated spermatogonia relative to wild-type cells. Data were obtained from three independent experiments
(*p < 0.001). Error bars represent mean ± SD.
(C) Short-term BrdU labeling of P60 Atm/ or Atm/: p21/ undifferentiated spermatogonia. Nuclear BrdU was detected with an anti-BrdU antibody (green).
Nuclear DNA was visualized by TOTO-3 (blue).
(D) Graph shows frequency of BrdU-positive undifferentiated spermatogonia. At P60, the reduction in the BrdU labeling index of Atm/ undifferentiated
spermatogonia was significantly rescued to wild-type levels by p21Cip1/Waf1 deletion (n = 4, *p < 0.001). Error bars represent mean ± SD.
(E) Flow cytometric analysis for quiescent fraction of undifferentiated spermatogonia with Pyronin Y. Reduction of Pyronin Y negative fraction in Atm/ mice
(*p < 0.001) was significantly restored in Atm/:p21/ undifferentiated spermatogonia (n = 4, **p = 0.89) compared to Atm+/+ mice. Numbers represent
mean ± SD.
(F) Flow cytometric analysis of undifferentiated spermatogonia in P400 Atm/: p21/ testis. The fraction of undifferentiated spematogonia is squared. Numbers
represent mean ± SD.
(G) Results of spermatogonial transplantation with Atm/ or Atm/: p21/ undifferentiated spermatogonia 3 months after transplantation. Representative
pictures of recipient W/Wv testicular sections stained by hematoxylin and eosin.
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arrest (Hatfield et al., 2005). Therefore we asked whether
p21Cip1/Waf1 protein was responsible for cell-cycle defects in
Atm/ undifferentiated spermatogonia by crossing Atm and
p21Cip1/Waf1 mutant mice to generate Atm and p21Cip1/Waf1 dou-
bly deficient (Atm/: p21/) mice and investigating the undif-
ferentiated spermatogonia. At P60, short-term BrdU uptake in
Atm/: p21/ undifferentiated spermatogonia was signifi-
cantly restored over Atm singly deficient mutants, indicating ef-
ficient cell-cycle progression of Atm/: p21/ undifferentiated
spermatogonia (Figure 6C). The proportion of BrdU-labeled
Atm/: p21/ undifferentiated spermatogonia was compara-
ble to wild-type cells (Figure 6D), indicating that cell-cycle arrest
of undifferentiated spermatogonia in Atm/ mice can be res-
cued by loss of p21Cip1/Waf1. In support of this, we observed
the recovery of G0 fraction in Atm/: p21/ undifferentiated
spermatogonia, which suggests the release from G1 arrest
(Figure 6E). We next asked what was the functional contribution
of p21Cip1/Waf1 to maintenance activity of Atm/ undifferenti-
ated spermatogonia. Flow cytometric analysis of P400 Atm/:
p21/ testis revealed that the undifferentiated spermatogonial
fraction recovered to wild-type levels (Figure 6F). To directly ex-
amine the stem cell activity of Atm/: p21/ undifferentiated
spermatogonia, we sorted undifferentiated spermatogonia
from Atm/: p21/ testis, transplanted them intoW/Wvmutant
seminiferous tubules, and analyzed recolonization efficiency 3
months after spermatogonial transplantation. Recipient testes
transplanted with Atm/: p21/ doubly deficient undifferenti-
ated spermatogonia showed significantly restored repopulation
activity compared to those transplanted with Atm/ undifferen-
tiated spermatogonia (Figures 6G and 6H). Atm/: p21/ un-
differentiated spermatogonia exhibited 30.4% ± 8.7% repopula-
tion in seminiferous tubules of recipient W/Wv testes in contrast
to 5.3% ± 2.5% repopulation by Atm/ undifferentiated sper-
matogonia (Figure 6I). Use of our purification strategy for un-
differentiated spermatogonia enables us to identify a central
role for p21Cip1/Waf1-mediated cell-cycle arrest in population
maintenance and stem cell activity of Atm/ undifferentiated
spermatogonia.
DISCUSSION
Purification of Undifferentiated Spermatogonia by FACS
Maintenance of undifferentiated spermatogonia is essential for
proper spermatogenesis. Undifferentiated spermatogonia har-
bor stem cell capacity, producing progeny and maintaining
themselves by self-renewal. However, our knowledge of how
the stem cell capacity of undifferentiated spermatogonia ismain-
tained is still limited, in part due to the lack of efficient isolation
methods. Although many groups report surface antigens ex-
pressed on undifferentiated spermatogonia (such as EpCAM
[Anderson et al., 1999], a6-integrin [Shinohara et al., 1999],CD9 [Kanatsu-Shinohara et al., 2004], GFR-1a [Viglietto et al.,
2000], E-cadherin [Tokuda et al., 2007], and Thy-1 [Kubota
et al., 2003]), purification of undifferentiated spermatogonia
had not yet been achieved. Thus, we first established an efficient
method to isolate undifferentiated spermatogonia by FACS (Fig-
ure 1). Positive selection by MACS with an EpCAM antibody sta-
bilized FACS efficacy by reducing the total cell number to about
10% of total testicular cells. Moreover, combining negative se-
lection with c-Kit and positive selection with a6-integrin enabled
us to distinguish independent undifferentiated and differentiating
spermatogonial populations on two-dimensional FACS plots
(Figure 1A). The purified cells were Plzf, GFR-1a, E-cadherin,
and CD9 positive, and these undifferentiated spermatogonia
also showed the SP phenotype and quiescence, characteristics
shared by other stem cells like HSCs (Suda et al., 2005). It is con-
troversial whether undifferentiated spermatogonia exhibit the SP
phenotype. Kubota et al. reported that SP is not a marker for
stem cell capacity in the cryptorchid testis (Kubota et al.,
2003), although other groups report that SP is a marker for
stem cell populations in the normal testis (Falciatori et al.,
2004; Lassalle et al., 2004; Bastos et al., 2005). This discrepancy
is mainly due to a lack of purification methods for undifferenti-
ated spermatogonia. Total testicular cells consist not only of
germ cells but also of interstitial cells such as Leydig cells, which
exhibit the SP phenotype (de Rooij and van Bragt, 2004). Our pu-
rification method, which excludes nongerm cells, enabled us to
examine precise kinetics and phenotypes like SP in undifferenti-
ated spermatogonia quantitatively in the whole testicular organ
level.
Essential Function of ATM
in Undifferentiated Spermatogonia
Using establishedmethodology combinedwith classical histolog-
ical examination in vivo and a GS cell assay in vitro, we examined
undifferentiated spermatogonia in Atm/mice. Because Atm/
testis exhibits meiotic arrest, precluding classical histological
evaluation of undifferentiated spermatogonia, these mice are
a suitable model to determine the robustness of our purification
method. Using our methodology, we observed the following re-
sults. (1) The ATM-deficient testis progressively loses undifferen-
tiated spermatogonia, which we reconfirmed by GDNF-mediated
culture in vitro and by spermatogonial transplantation in vivo. (2)
Atm/ undifferentiated spermatogonia exhibit defective S phase
entry and accumulation at G1 phase, which results in a reduction
of cells at G0 phase. (3) Atm/ undifferentiated spermatogonia
accumulates DNA damage, activates the p19Arf-p53 tumor sup-
pressor pathway, and upregulates the p53 effector p21Cip1/Waf1.
(4) Suppression of p21Cip1/Waf1 in Atm/ undifferentiated sper-
matogonia restored the loss of undifferentiated spermatogonia
and rescued cell-cycle defects and transplantation ability.
Mechanisms underlying degeneration of undifferentiated
spermatogonia clearly differ from those functioning in the bone(H) Immunohistochemical analysis ofW/Wv testicular section transplanted with Atm/: p21/ undifferentiated spermatogonia (green, ATM; blue, TOTO-3). (R),
repopulated tubules. Asterisks, unrepopulated tubules.
(I) Graph shows tubules repopulated by donor cells per total tubules in a transplantation experiment with Atm/ or Atm/: p21/ undifferentiated spermato-
gonia. Recipient testes transplanted with Atm/: p21/ undifferentiated spermatogonia showed significantly restored recolonization activity of Atm/ undif-
ferentiated spermatogonia (n = 4, *p < 0.001). Error bars represent mean ± SD.
Scale bars represent 25 (A and D) and 100 mm (G and H).
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pRb cascade underlies stem cell exhaustion (Ito et al., 2004). By
contrast, Atm/ undifferentiated spermatogonia activate
p19Arf-p53-p21Cip1/Waf1, whereas p16Ink4a is not upregulated
(Takubo et al., 2006). When Atm is disrupted genetically, most
mammalian cells cannot respond to DNA damage properly be-
cause of loss of p53 activation (Herzog et al., 1998; Shiloh,
2003). This is not the case with Atm/ undifferentiated sper-
matogonia. Our observation might be due to the strict genomic
surveillance system operating in germ stem cells, which elimi-
nates undifferentiated spermatogonia harboring an incomplete
genome.
As previously reported (Barlow et al., 1997), meiotic arrest in
the Atm/ testis recovered partially, but neither spermatids
nor sperm completing meiosis was observed in Atm/: p21/
seminiferous tubules (data not shown). In addition, there was
no significant change in serum hormonal levels, including LH,
FSH, and testosterone between Atm/ and Atm/: p21/
mice (data not shown). In premeiotic germ cells, we observed
an essential contribution of p21Cip1/Waf1 to cell-cycle arrest of
Atm/ spermatogonia. This observation paralleled a previous
study that GDNF-mediated maintenance of undifferentiated
spermatogonia induced downregulation of p21Cip1/Waf1 in vitro
(Hofmann et al., 2005). In the Drosophila germ stem cell, abnor-
mal increases in p21Cip1/Waf1 in the stem cell fraction lead to
cell-cycle arrest (Hatfield et al., 2005). The inhibitory role of
p21Cip1/Waf1 in the cell cycle in undifferentiated germ cells is con-
served among species. Furthermore, because recolonization
activity of Atm/: p21/ undifferentiated spermatogonia was
still lower than that of wild-type cells (Figure 6I), there may be ad-
ditional mechanisms underlying loss of Atm/ undifferentiated
spermatogonia. This hypothesis is supported by the lack of sig-
nificant change in the increased apoptotic cell ratio between
Atm/ and Atm/: p21/ undifferentiated spermatogonia
compared to wild-type cells (Figure S3). In addition, accumula-
tion of DNA damage in Atm/: p21/ undifferentiated sper-
matogonia was not rescued compared to Atm/ undifferenti-
ated spermatogonia (data not shown). Because Atm/: p21/
mice develop testicular germ cell tumors (Shen et al., 2005),
p21Cip1/Waf1 might be activated to block propagation of poten-
tially tumorigenic Atm/ undifferentiated spermatogonia with
damaged genomes.
It is hypothesized that various types of stem cells share a com-
mon molecular machinery to maintain their population (Ivanova
et al., 2002; Ramalho-Santos et al., 2002). By modulating or-
gan-specific mechanisms, our present data and previous works
(Ito et al., 2004; Takubo et al., 2006) show that Atm is a common
gene critical for stem cell activity in male germ stem cells and
bone marrow HSCs. Unlike somatic stem cells, germ stem cells
must maintain accurate genomic information. This task requires
sensitive surveillance regulated posttranscriptionally by sensing
mechanisms such as p19Arf-mediated mdm2 inhibition to acti-
vate p53 (Sherr, 2004), which is specifically upregulated in
Atm/ undifferentiated spermatogonia. The requirement for
such sensitive surveillance may be another reason for the ob-
served differences in maintenance mechanisms between the
male germ stem cell system and bone marrow HSCs.
Overall, ourmethod toanalyzeand isolateundifferentiatedsper-
matogonia shows that ATM plays an essential role in maintaining
180 Cell Stem Cell 2, 170–182, February 2008 ª2008 Elsevier Inc.undifferentiated spermatogonia and their stem cell activity, and
its inactivation results in undifferentiated spermatogonial loss
due to reduction of cell-cycle progression, most likely due to the
biochemical functionofATM in repairingdamagedgenomes.Dys-
function of undifferentiated spermatogonia in Atm/ mice could
be mediated in part by the p19Arf-p53-p21Cip1/Waf1 pathway to
suppress oncogenic transformation of undifferentiated spermato-
gonia. Our purification strategy of undifferentiated spermatogonia
provides insights into themechanismofmalegermstemcellmain-
tenance and is also relevant to tumor suppression at the stem cell
level.
EXPERIMENTAL PROCEDURES
Mice
Atm+/mice (Herzog et al., 1998; a gift from P. J. McKinnon), GFP mice (a gift
from M. Okabe), and p21 mutant heterozygous mice (Deng et al., 1995; a gift
from Philip Leder) were mated and backcrossed to a B6 background except
for the case of GDNF-dependent in vitro spermatogonial expansion assays,
which were performed with mice of a mixed B6 and DBA2/J background.
Isolation and Analysis of Undifferentiated Spermatogonia
Testicular cells were stained with anti-EpCAM antibody (BD), followed by incu-
bation with anti-Rat Ig-conjugated MACS beads (Miltenyi Biotech, Bergisch
Gladbach, Germany) and purified by MACS. Purified cells were stained with
anti-a6-integrin and anti-c-Kit antibody and analyzed by FACSCalibur (Becton
Dickinson Immunocytometry System) or sorted by FACSVantage (Becton
Dickinson Immunocytometry System). SP and Pyronin Y staining were
performed as described previously (Arai et al., 2004).
Immunocytochemistry and Immunohistochemistry
Testicular sections or sorted cells were placed on a glass slide and were
stained with antibodies. Samples were analyzed by a laser-scanning confocal
microscopy (FV-1000; Olympus).
Cell-Cycle Analysis
To detect spermatogonia undergoing DNA synthesis, mice were injected intra-
peritoneally with BrdU, and spermatogonia were harvested 2 hr later. Sorted
cells were stained with anti-BrdU monoclonal antibody (Calbiochem). For
directly analyzing DNA content, we stained a single-testicular cell suspension
with 5 mg/ml Hoechst 33342 to avoid any dye efflux.
Quantitative RT-PCR
cDNA from undifferentiated spermatogonia (30,000 cells) was subjected to
quantitative PCR analysis. Expression of b-actin was used to normalize
transcript levels.
Spermatogonial Transplantation
Spermatogonial transplantation with isolated undifferentiated spermatogonia
was performed as described (Ogawa et al., 2000). For analyzing the microen-
vironment of the Atm/ seminiferous tubules, isolated EpCAM+ spermatogo-
nia with GFP-transgene were transplanted into Atm/ testis (2 3 105 sper-
matogonia/testis). We analyzed recolonization 3 months after transplantation.
GS Cell Assay
The testicular cell suspension of pups from Atm+/ parental mice was pre-
pared as described previously (Kanatsu-Shinohara et al., 2003). Pups were
genotyped by tail DNA. The existence of GDNF-dependent GS cell clusters
was assessed 4 weeks after cell preparation.
Detection of DNA Damage
A comet assay was performed with a CometAssay Kit (TREVIGEN).
Statistical Analysis
The data representmeans ± SD. P valueswere calculated by a Student’s t test.
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Supplemental Data include Supplemental Experimental Procedures and five
figures and can be found with this article online at http://www.cellstemcell.
com/cgi/content/full/2/2/170/DC1/.
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